A new model is presented of current transport in Metal Insulator Metal (MIM) structures by quantum mechanical tunnelling. In addition to direct tunnelling through an insulating layer, tunnelling via defects present in the insulating layer plays an important role. Examples of the influence of the material and thickness of the insulating layer, energy distribution of traps, and metal work functions are also provided.
Introduction
The MIM structure, along with a MOSFET, creates the basic element of the DRAM (Dynamic Random Access Memory). The MIM structure has a high capacitance thanks to the use of a thin dielectric layer with high permittivity, the so-called high-layer. The structure should be designed to minimize the leakage currents so as to avoid the need to increase the refresh frequency to keep the functionality of the memory element. The leakage current is a consequence of Direct Tunnelling (DT) of free charge carriers through the insulating layer. The current due to DT creates the lower, physically insurmountable limit, which has to be taken into account in the design of the DRAM. In real structures, however, the leakage current reaches a higher value, which stems from tunnelling of charge carriers via a sub-band of deep traps present in the insulator, the so-called traps-assisted tunnelling (TAT) current. The paper presents a new model for calculation and simulation of DT and TAT currents in MIM structures.
Theory
Our physical model treats a MIM structure with a thin insulating layer. The energy-band diagram of the struc-ture is shown in Fig. 1 . Traditionally, the charge transfer through a thin insulating layer is described by the model of Frenkel-Poole emission [1] [2] [3] or by the field-dependent Shockley-Read-Hall (SRG) model modified by Schenk [4] and including tunnelling by Hurkx, [5] . There are many other works dealing with the issue of trap-assisted tunnelling [6, 7] and with thermionic trap-assisted tunnelling in Schottky junctions [8] [9] [10] [11] . Our new physical model of TAT considers the fact that the insulating layer contains a high concentration of defects [12] . These defects may be viewed as traps for free charge carriers. The traps lie at energy levels ε and may create a sub-band of traps in the band diagram (see Fig. 1 ). Their energy distribution within the corresponding sub-band can be described by a Gaussian function
where subscript denotes the -th sub-band of traps, E g is the energy band gap, ∆E i t is the width of the -th sub-band of traps (more exactly, the standard deviation of distribution D t ), E i t is the distance of the middle of the -th subband of traps from the conduction band edge E C ( ), and N i D,A t ( ) is the concentration of traps in the -th sub-band of traps. The upper indices denote donor or acceptor traps. The traps are characterized by effective cross-sections for electrons σ e and for holes σ h (m 2 ).
The model of current transport considers both direct tunnelling (DT) and tunnelling via deep traps present in the insulator (TAT). The resulting current is then given as
Direct tunnelling
The current due to DT J DT consists of electron (e) and hole (h) components, and the net current is given by J DT = J e DT + J h DT . Single current components can be written as [13, 14] J e,h DT = A * e,h T 2
where A * e,h is the effective Richardson constant of electrons or holes impinging onto the metal-to-insulator potential barrier, E The energy of the tunnelling electron or hole has two components, ε = E ⊥ + E || . Component E ⊥ is the energy perpendicular to the metal-insulator interface (i.e., in the field direction in the insulator), and E || is the energy parallel to the interface. Γ e,h DT (E ⊥ ) are transmission coefficients for direct tunnelling of electrons and holes. In the WKB approximation they are calculated as
where * e,h TUN is the electron or hole tunnelling mass in the field direction.
Trap-assisted tunnelling
In addition to direct tunnelling through the insulating layer with high permittivity (high-layer), an important role belongs also to tunnelling via defects present in the insulating layer. The exchange of free carriers between the traps and the metals on the two sides of the MIM structure, and between the traps and the conduction (CB) and valence bands (VB) by thermal generation and recombination, involves twelve processes, shown in Fig. 2 . Each of the twelve exchange processes is characterized by its respective charge-carrier transport function , defined for both electrons and holes, and describing the rate of free-charge-carrier transport. The charge-carrier transport function divided by elementary charge / has a dimension of frequency (s
−1
). Physically, the ratio / is the period between two subsequent electron (hole) tunnelling processes between the trap and the metal, electron (hole) trapping processes between the CB (VB) and the trap or, finally, electron (hole) emission processes between the trap and the CB (VB). The charge transport function in our TAT model (belonging to each of the twelve exchange processes) can be expressed comfortably by the following physical quantities: escape times τ, occupation probability of traps by electrons t , and the Fermi-Dirac distribution function M 1 2 , for free electrons in metals M 1 and M 2 . Now let us discuss the twelve exchange processes in detail. The following four processes correspond to the classical SRH generation-recombination model.
1. The current of electrons from the conduction band of the insulator trapped by a trap lying in the insulator at place on energy level ε can be written as
with recombination escape time τ e R ( ) = ( e th σ e ( ))
The electron concentration in the insulator is given by
where N C is the effective CB density of states, and E Fn ( ) is the electron quasi-Fermi energy. Function (1 − t (ε )) in (5) is the probability that the trap centres are not occupied by electrons.
2. The current of electrons emitted from the trap into the conduction band of the insulator is
with generation escape time τ e G (ε ) = ( e th σ e t (ε ))
where
3. The hole current from the valence band trapped by the trap is
with recombination escape time
The concentration of holes in the insulator is given by
where N V is the effective VB density of states and E F is the hole quasi-Fermi energy.
The current of holes emitted by the trap into the valence band
with generation escape time
These four exchange processes are completed by eight other tunnelling processes assisted by traps.
5. The current of electrons tunnelling from metal M 1 to the trap is
and the tunnelling escape time is
The effective transmission coefficient for trap-assisted tunnelling of electrons Π e M 1 ⇔T is calculated as
and the electron transmission coefficient (thus the tunnelling probability of an electron with total energy ε and with energy perpendicular to the metal-insulator interface E ⊥ ) Γ e M 1 ⇔T is given, in the WKB approximation, by formula
Except for the integration boundaries, this expression is the same used for calculating the probability of tunnelling in the case of direct tunnelling, Eq. (3).
6. The current of electrons tunnelling from the trap into metal M 1 is
7. The current of electrons tunnelling from metal M 2 to the trap is
with
and
8. The current of electrons tunnelling from the trap into metal M 2 is e T→M and Γ h
10. The current of holes tunnelling from the trap into metal M 1 is
11. The current of holes tunnelling from metal M 2 to the trap is
with tunnelling escape time
12. The current of holes tunnelling from the trap to metal M 2 is h T→M
The following quantities have been used to define the escape times: e,h th = √ 3 T / * e,h is the thermal electron and hole velocity and * e,h are effective masses of free electrons in CB or holes in VB. The twelve exchange processes between the traps, metals M 1 and M 2 , and conduction and valence bands must satisfy the balance equation. Under steady-state conditions, the flow of electrons onto the trap must be the same as the rate of electrons released from the trap, which is expressed in the following equation
On inserting respective charge-transport functions for the twelve exchange processes Eqs. (5, 8, 11, 14, 17, 22, 23, 28, 29, 33 , 34, and 38) in (39) we obtain 40), we get the probability of trap occupation by an electron
Now let us treat the trap-assisted tunnelling current J TAT flowing through the MIM structure after applying an external voltage. We can start either by calculating the current flowing between metal M 1 and the traps or the current between metal M 2 and the traps. The current between metal M 1 and the traps is given by the difference of the charge transport functions (17), (22), (29), and (33):
The current between metal M 2 and the traps is given as a difference of the charge-transport functions (23), (28), (34), and (38):
On inserting Eq. (43) for t we get
Let us assume that the insulating layer
• is "sufficiently" thin so that tunnelling between the traps and metallic electrodes is intensive, and
• the traps in the energy band gap are located at deep levels: (E C − E t ) 0 5 eV.
In this case, the first term The remaining four terms in Eqs. (47) and (48), in denominators containing both the tunnelling escape times and recombination and generation escape times, contribute little to the overall current. In our simulations (see below), the contribution of these terms was lower by 4 to 6 orders of magnitude than the contribution of the dominating term. The reason is that under steadystate conditions, the concentration of free electrons and holes in the insulator is virtually zero: ( ) ≈ 0 in Eq. (7) and ( ) ≈ 0 in Eq. (13) . (We do not assume the presence of shallow donor or acceptor levels.) The recombination escape times are then τ e R ( ) ≈ ∞ in Eq. (6) and τ h R ( ) ≈ ∞ in Eq. (12) . Similarly the generation escape times (Eqs. (9) and (15) by neglecting the recombination and generation term. In principle it means that we neglect the four exchange processes representing the classical Shockley-Read-Hall model of generation and recombination. For evaluating E C and E V it is enough to solve the Poisson equation:
Assuming that the right side of the Poisson equation contains only very small values, the field intensity in the whole bulk of the insulator is constant, and for approximate values of E C ( ) and E Fn,p ( ) we get
where Φ 
Results
In the first simulation we show how the energy distribution of traps in the insulator D t (ε ) affects the net current flowing through the structure on applying an external voltage V . The parameters of the sub-band of traps (1) are varied by means of three variables: N t , E t , and ∆E t . In our simulations only one sub-band of acceptor or donor traps is considered, where the maximum value N t of the Gaussian distribution of traps concentration within the sub-band is constant. For I−V simulations this type of defect does not play a role. The simulations demonstrate how these parameters change the shape of the I − V curves of the MIM structure. We have chosen a MIM structure with a 4 nm thick TiO 2 layer (with κ=120) having an energy band gap E g =3.5 eV, electron affinity χ I =3.9 eV, and metallic contacts with work functions Φ The net current J MIM flowing through the MIM structure contains contributions from direct tunnelling J DT and from trap-assisted tunnelling J TAT . This contribution depends on the distribution of traps D t (ε ). Figure 3 shows the contributions of J DT and J TAT dependent on the overall density of traps N T . The density of traps is given by
The density of traps has been varied by changing the maximum trap concentration in the middle of the sub-band of traps: N =10 21 , 10 22 , 10 23 , 10 24 , and 10 25 m −3
. The middle of the band of traps E was located 1 eV below the conduction band E C in the forbidden band of the insulator. The width of the sub-band of traps was kept constant, ∆E t =0.075 eV. Having chosen the parameters in this way, the overall density of traps in the insulator was N T =3×10 19 , 3×10 20 , 3×10 21 , 3×10 22 , and 3×10 23 m . As can be seen in Fig. 3 , at small voltages the net current J MIM is dominated by trap-assisted tunnelling, while at larger voltages direct tunnelling dominates. The transition between the two regions strongly depends on the trap density, since N basically acts as a prefactor to J TAT . TAT , dependent on the position of the middle of the sub-band of traps in the energy-band gap of the insulator. This position is expressed through E , the conduction band edge E C considered as a reference. Simulations demonstrate a strong effect of E upon the total current. If E lies close to the intrinsic level (middle of the sub-band gap), then trap-assisted tunnelling prevails at low applied voltages. As E shifts towards the conduction band, the voltage dependence of J TAT changes.
For E <0.75 eV, J TAT becomes smaller than J DT at small voltages and eventually at E =0.5 eV the situation is completely different, compared to larger E . Now, direct tunnelling dominates at low V , while trap-assisted tunnelling prevails at large V . . As it is expected, with the increase of ∆E the calculated tunnelling current also increases. Figure 5 shows that the narrower the sub-band of traps, the more pronounced the "hump" in the lower part of the I −V curve. Parameters of the sub-band of traps only affect J TAT , not the direct tunnelling current J DT . The choice of the metallic electrodes, however, affects both of these components. This is illustrated in Fig. 6, presenting Direct tunnelling is related to the barrier, defined as a difference between the work function of the metal and the affinity of the insulating layer. For metals with a low work function, the direct tunnelling current J DT dominates along the whole I −V curve. In the case of higher work functions, the contribution of J DT to the overall leakage current becomes less significant, and trap-assisted tunnelling starts to be of major importance (J MIM ≈ J TAT for low voltages). However, for the range of work functions considered, it is generally valid that the higher the work function, the smaller the leakage currents. For larger work functions, however, hole tunnelling might become dominant and the net current would increase again. Respective contributions depend strongly on the distribution of traps D t . ), E = 0 75 eV, and ∆E = 0 075 eV. The metal work functions are The effect of the dielectric layer upon the leakage current is even stronger than that of the metallic electrodes. This is shown in Fig. 7 , for which the direct tunnelling current has the lowest magnitude. The highest leakage current has been observed in the structure with TiO 2 , which, however, has the highest relative permittivity (κ = 120) among the insulators studied. The leakage current might be reduced by increasing the thickness of the insulating layer. This is shown in Fig. 8 . As the thickness of the insulator is increased, both components J TAT and J DT are reduced. The strongest relative contribution of trap-assisted tunnelling to the net current can be seen at a thickness of about 4 nm. Figure 9 shows how the I − V curves of the MIM structure differ on changing the polarity of the applied voltage, in case we use metallic electrodes with different work functions. The higher the difference in the work functions of the two electrodes, the more marked the asymmetry of the I − V curves. The negative differential resistance observed (local minimum in the direct tunnelling current J DT ) is because in this region, the tunnelling probability of free carriers Γ e,h DT falls faster with applied voltage V a than the exponential growth of the terms in Eq. (3) containing Fermi-Dirac distribution functions. Obviously, the shift of the local minimum in the I − V characteristics corresponds to the difference of the work functions between the two metal electrodes.
Conclusion
This model and simulation of the leakage currents in MIM structures allow the prediction and physical interpretation of the experimental characteristics. By comparing the simulated results with those achieved experimentally, one can analyze the defects present in dielectric layers. After some modification, the model can also be applied to Schottky structures. However, unlike in a MIM structure, in a doped Schottky structure one cannot neglect the generation-recombination processes. In this case one can exactly solve the continuity equations for electrons and holes, incorporating the generation-recombination rates and additional tunnelling rates of the exchange processes between the trap and conduction or valence band. We believe that such a modified TAT model can explain the origin of high gate currents in MIM structures, with small modifications in A 3 B 5 compound semiconductor devices with broad energy-band gaps and naturally high concentrations of traps (e.g., AlGaN/GaN HEMTs).
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